Brain structure changes in size with normal aging, but the rate at which different structures change is controversial. We used magnetic resonance imaging (MRI) performed twice, 4 years apart, to compare rates of age-related size change of the corpus callosum, which has been inconsistently observed to thin with age, with change in the lateral ventricles, which are well established to enlarge. Subjects were 215 community dwelling, elderly men (70-82 years old at initial MRI), who were participants in a longitudinal study of cardiovascular risk factors. Percent change in size was significant for both the callosal and ventricular measures, but annual rate of ventricular expansion (2.9%) was significantly greater than annual rate of callosal thinning (-0.9%). Callosal regions showed statistically equivalent rates of shrinkage; ventricular dilatation was symmetrical. Neither callosal and ventricular rates of change correlated with each other (r = 0.01), nor did genu and splenium rates of change correlate with each other (r = 0.05). Tests of speeded processing were administered contemporaneously with both MRIs to examine functional ramifications of observed brain changes. Decline in the Mini-Mental State Examination was related to thinning of the splenium, and decline in Stroop test word reading was selectively related to thinning of the callosal body. These longitudinal data support the contentions that differential rates of change occur in different brain regions in normal aging, age-related callosal thinning contributes to functional declines, and rate of change in one region can be independent of rate of change in another region, even within a brain structure.
Introduction
The corpus callosum is the major neural system of white matter tracts in the brain and functions as the principal conduit of interhemispheric communication. Post-mortem study of the corpus callosum indicates significant age-related structural increase during development to adulthood (Yakovlev and Lecours, 1967) and deterioration, including breakdown of myelin and microtubules and deletion of small diameter fibers, with senescence (Pandya and Seltzer, 1986; Aboitiz et al., 1996) . Although in vivo study using quantitative magnetic resonance imaging (MRI) provides convincing longitudinal evidence for substantial increase in callosal size throughout childhood (age 5-18 years) (Giedd et al., 1999) , the fate of callosal size in aging adults is controversial. Many (Cowell et al., 1992; Biegon et al., 1994; Johnson et al., 1994; Pozzilli et al., 1994; Pfefferbaum et al., 1996; Hampel et al., 1998; Sullivan et al., 2001b; Thompson et al., 2002) but not all (Doraiswamy et al., 1991; Weis et al., 1993; Janowsky et al., 1996) published in vivo studies have concluded that if age-related thinning occurs it is modest, especially in relation to concurrent changes in other brain regions [e.g. (Pfefferbaum et al., 2000) ]. Studies likely to observe age effects have focused on elderly adults [e.g. (Janowsky et al., 1996) ]. A meta-analysis examined the inf luence of age as well as other factors on corpus callosum morphology (Driesen and Raz, 1995 ). An assessment of 21 studies yielded only modest and nonsignificant estimates of correlations between total midsagittal callosal area and age. The authors concluded that although agerelated decreases in callosal area may occur, longitudinal studies that use the same analytical techniques across sessions are essential for a valid test of this possibility.
A number of factors contribute to the controversy regarding aging of callosal macrostructure. Firstly, the corpus callosum is located adjacent and superior to the lateral ventricles, which expand significantly in normal aging [e.g. (Pfefferbaum et al., 1994; Gur et al., 1999; Resnick et al., 2000) ]. Associated with ventricular expansion is callosal arching and thinning (Peterson et al., 2001) , even when its overall area remains relatively unchanged (Pfefferbaum et al., 2000) . Thus, callosal dysmorphology resulting from passive stretching by the ventricles must be considered when measuring age-related changes. Further, despite the distinct appearance of the corpus callosum on midsagittal MR images, its regional divisions are not defined by internal or external landmarks [e.g. (Peterson et al., 2001) ]. Consequently, a variety of unique geometrically based, and not necessarily comparable, schema have been devised to demarcate callosal regions. Finally, virtually all conclusions about callosal aging have been based on cross-sectional study, spanning either the normal adult range [e.g. (Pfefferbaum et al., 1996; Peterson et al., 2001; Sullivan et al., 2001b) ] or restricted older samples [e.g. 50-90 years (Laissy et al., 1993; Janowsky et al., 1996; Hampel et al., 1998) ]. The dearth of longitudinal study in adults undoubtedly contributes to the inconsistencies in characterization of aging of callosal structure as well as its function.
The purpose of this study was to address, for the first time, callosal aging in a large sample of community dwelling elderly adults who were studied twice with the same MR imaging protocol over 4 years. The lateral ventricles were also measured for two reasons. First, change in ventricular size ser ved as a control region, which would be assumed to change significantly given that a number of longitudinal MRI studies have already established substantial ventricular dilatation in normal aging. Accordingly, we tested the hypothesis that little if any shrinkage would occur in callosal area, especially in comparison with marked ventricular expansion expected over the same interval in the same subjects. Secondly, we tested the hypothesis that expansion of the lateral ventricles, which are adjacent to the corpus callosum, would contribute substantially to callosal change in contour without altering its overall size. Finally, we examined the functional ramifications of potential callosal thinning by correlating percent change in callosal size with percent change in two cognitive tests with known sensitivity to age-related performance declines [for a review see (Salthouse, 2000) ]: Trail Making, which assesses visual search, working memory, and psychomotor speed, and the Stroop Test, which assesses response inhibition and reading speed. 
MRI Acquisition and Quantification

Corpus Callosum
The corpus callosum was measured on data from multislice, sagittal, single-echo, spin-echo series (T R = 300-500 ms, T E = 8-14 ms, thickness = 4 mm, skip = 1 mm, encompassing the midline) on both the native images and on an extracted midline slice from the native data after interpolation, alignment, and reslicing. The native image analysis was performed on the slice which contained the fullest view of the cross-section of the corpus callosum. For extraction of the aligned midline slice, the anterior commissure (AC) was identified on the native sagittal slice on which it was best visualized. The sagittal slices were then stacked and interpolated to high (1 mm) isotropic resolution. The left/right midline was determined from a coronal reconstruction passing through the AC. The AC and posterior commissure (PC) were identified on a resliced midline sagittal image. Head tilt angle was defined on a high resolution coronal image and head rotation was defined on a high resolution axial image using an interactive rotating cursor. The resultant landmarks and angles were used to align the volume in a uniform space and orientation anchored on the AC. The midsagittal image was then extracted for semi-automated edge identification of the corpus callosum (Fig. 1) . Inter-rater reliability (for E.V.S. and A.P.) was determined with intraclass correlations (ICC) and was high (n = 50, total area r = 0.99).
We tested the potential improvement of the extraction and realignment procedure over native image analysis by computing the effect size (the mean MRI 1 minus MRI 2 difference divided by the standard deviation of the difference scores) for both methods.
In addition to the total cross-sectional area of the corpus callosum, regional areas and shape-related variables (height and length) were quantified. Accordingly, the corpus callosum silhouette was rotated to a plane parallel to the inferior extremes of the rostrum anteriorly and splenium posteriorly. The midpoint along this plane between the anterior extreme of the genu and posterior extreme of the splenium was used as the center of a circle, and radii were projected at +30°and +150°angles from the plane, thus dividing the corpus callosum into genu + rostrum, body, and splenium. From this rotated image, the height and length of the callosal silhouette were also determined.
Lateral Ventricles
The lateral ventricles were measured on three slices taken from a multislice, coronal, single-echo proton density-weighted or dual-echo, fast spin-echo scan (T 1 weighted or dual echo data manipulated to give T 1 -weighted contrast; thickness = 5 mm, skip = 0 mm, encompassing the entire brain). Similar to callosal quantification, ventricle quantification on the coronal images started with identification of the AC on sagittal reconstructed images. Head tilt angle was defined on a coronal image and head rotation was defined on a high resolution axial. Three coronal slices (at the level of the AC, AC + 10 mm, AC -10 mm) perpendicular to the AC-PC plane were extracted for semi-automated edge identification, the sum of the resultant three areas was the volume estimate for the left and right ventricles separately (Fig. 2) . Inter-rater ICC (for E.V.S. and A.P.) for ventricular measurements was high (n = 30, left r = 0.99, right r = 0.99).
In order to validate the adequacy of the three-slice estimate of lateral ventricular volume in representing total ventricular volume, we used a manual identification procedure applied to semi-automated segmentation images to measure the entire volume of the lateral ventricles across all the slices on which it appeared (∼15 slices) on 30 subjects randomly selected from the two scanning sessions. The ICC between the sampled and fully volumed measurements was 0.94 (P = 0.0001).
Intracranial Volume (ICV)
An estimate of supratentorial intracranial volume (ICV) was derived from measurements on both the midsagittal image and the coronal image at the level of the AC. Interactive software allowed the operator to determine the left, right and superior parietal lobe and the inferior temporal lobe dural margins on the coronal slice; the anterior frontal lobe and posterior occipital lobe dural margins were determined from the sagittal image. These dimensions were then used to model intracranial volume as an elliptical solid; inter-rater intraclass correlation for 30 subjects was r = 0.83.
Neuropsychological Tests
Three pencil-and-paper based tests of psychomotor speed, which have been reliably shown to be sensitive to age-related performance declines, were included in this analysis. All tests were timed, required subjects to work quickly and accurately, and were administered at both test sessions. The Trail Making Test (Lezak, 1995) has two parts: for Trails A, subjects connected in ascending numerical order 25 numbered circles, placed irregularly on a page; for Trails B, subjects connected 25 circles, which contain either a letter or a number, in ascending alphabetical and numerical order. This test yielded two scores: time (s) to complete Trails A, a measure of visual search; and time to complete Trails B, a measure of set shifting and visual search. The Stroop Test (Stroop, 1935) comprised three conditions timed individually: color, requiring subjects to name the color of the ink in which a row of x's was printed; word, requiring subjects to read words printed in black ink that named colors; and color word, the interference condition, requiring subjects to say the color of ink in which a named color was printed but the ink and the word were not congruent; the score was the number of correct responses given in 45 s for each condition.
Statistical Analysis
Percent change per year for each MRI and cognitive measure was calculated as the difference between the scores at time 1 and 2, divided by the score at time 2 and the number of years between examinations. For each measure, the 95% confidence intervals (CI 95%) for the mean difference and the effect size were calculated. Within-subject analysis of variance (A NOVA) and paired t-tests examined brain regional and cognitive rates of change scores; for these analyses only, ventricular and callosal length change (expressed as enlargement or stretching) and Trail Making Test score differences (expressed in number of seconds to completion) were transformed so that more negative values were in the direction of greater change for the worse. Pearson correlation was used to test the relationships between rates of change of brain and cognitive measures; to adjust for multiple comparisons, family-wise Bonferroni correction for four tests (α = 0.05) were applied and required P ≤ 0.025. These correlations were based on rates of change values, not transformed, where negative callosal and Stroop values and positive ventricular and Trails values were in the direction of declining condition.
This analysis was based on all available MRI data, including those from twin pairs and singletons. Because a potential bias can exist in making statistical estimates from a sample including non-independent observations (i.e. twin pairs), we used bootstrap methods (Efron and Tibshirani, 1986 ) (i.e. resampling the data with replacement) to derive empirical estimates of the standard errors of our statistics. To accomplish this, we created 1000 bootstrap data sets using the twins as genetically unrelated individuals. Figure 1 . Example of the outlining of the corpus callosum on the midsagittal slice at the first MRI (top), the second MRI (middle), and an overlay of the two (bottom). In the overlay figure, the earlier study is in white and the later one is in black. Note the increase in callosal height in the later compared with the earlier study.
Results
Rates of Change in Callosal and Ventricular Measures
The realignment procedure produced larger effect sizes for estimates of change in size of total corpus callosum (effect size native = 0.434, aligned = 0.588) and its three regions (genu native = 0.336, aligned = 0.470; body native = 0.209, aligned = 0.370; splenium native = 0.475, aligned = 0.492). Therefore, all subsequent analyses were based on the aligned measurements. Table 1 presents 95% CIs for MRI1 -MRI2 mean differences and effect sizes of each brain measure. The effect sizes for the callosal measures were considerably smaller than those of the ventricular measures. Within the corpus callosum, regional variation was not significant.
Figure 3 displays average rates of change for each regional MRI measurement. Within-subject ANOVA comparing percent rates of change in the three sections of the corpus callosum and left and right ventricles yielded a significant repeated measures effect [F(4,856) = 70.934, P = 0.0001]. Follow-up tests indicated that although percent change in size was significant for all callosal and ventricular measures (for all paired t-tests, P = 0.0001), rate of annual ventricular expansion (left + right ventricles = 2.9%) was significantly greater than the annual rate of callosal shrinkage (total area = -0.9%) [t(214) = 11.93, P = Figure 2 . Example of the outlining of the lateral ventricles on each of the coronal slices on which they were measured. The top triplet of figures displays the first MRI, the middle triplet displays the second MRI, and the bottom triplet displays overlays of the two studies, where the earlier study is in gray and the later one is in white.
0.0001]. Regional analysis showed statistically equivalent rates of callosal thinning [genu = -0.9%; body = -0.7%; splenium = -1.0% per annum; F(2,428) = 1.133, n.s.] and of lateralized ventricular dilatation (left = 2.8%; right = 2.9%). Symmetrical ventricular change was detected longitudinally despite reliable lateralized differences detected cross-sectionally, in that the right ventricle was significantly larger than the left at MRI 1 [t(214) = 13.140, P = 0.0001] and at MRI 2 [t(214) = 15.251, P = 0.0001]. In addition, one-group t-tests indicated that height [t(214) = 6.137, P = 0.0001] but not length [t(214) = -0.398, n.s.] of the corpus callosum changed significantly over the retest inter val; in particular, callosal height expanded. As was expected, intracranial volume showed a small and statistically non-significant annual change (-0.06%), ref lecting primarily measurement error [cf. Shear et al., 1995) ]. Bootstrap resampling tests performed for each measure yielded the same pattern of results described above. None of the regional brain changes was related to handedness.
Correlations between Changes in Brain Measures
All correlations and P-values are presented in Table 2 . Within the corpus callosum, rate of change in body area correlated significantly with rate of change in genu and splenium areas. However, genu and splenium rates of change were not correlated (r = 0.05). Although change in the left and right ventricles were highly correlated with each other (r = 0.79), ventricular change showed no significant correlation with change in any callosal region (r = -0.06 to 0.10, n.s.).
Expansion in callosal height correlated with thinning of callosal body (r = 0.27) but not of the genu (r = 0.11) or splenium (r = 0.00), whereas increases in callosal length correlated with thinning of the genu (r = 0.25) and splenium (r = 0.37) but not of the body (r = 0.06). In addition, callosal height but not length was related to enlargement of left, right, and total ventricular size (r = 0.31 to 0.35). Finally, increases in callosal height correlated only modestly with callosal lengthening (r = 0.19).
Rates of Change in Neuropsychological Test Scores
One sample t-tests, assuming that the population mean = 0, yielded highly significant decline in performance on Trails A [t (208) 
Relationships between Changes in Brain Measures and Test Scores
Pairwise correlations between percent change in brain measures and changes in cognitive measures yielded modestly significant relationships, meeting the corrected P-value for multiple comparisons, between splenium shrinkage decline in MMSE (r = 0.22, P < 0.002) and between thinning of the body and decline in Stroop word reading (r = 0.17, P < 0.02). Multiple regression analysis examined the independent contributions of change in the three callosal regions to change in word reading scores. Only the contribution from change in the body (β = 0.241, P = 0.041) to the word reading task was significant compared with that from the change in the genu (β = -0.038, P = 0.73) and splenium (β = 0.058, P = 0.587). When MMSE change was entered as an additional factor, the significant predictor of change in body remained essentially unchanged (MMSE β = -0.006, P = 0.948).
Discussion
This study focused on measuring change in size of the corpus callosum and lateral ventricles in elderly community dwelling men, who had received the same MRI sequences twice, with a 4-year interval. Longitudinal quantitative analysis revealed subtle but statistically significant thinning of the midsagittal area of the corpus callosum and of its three major regions, genu, body, and splenium. Unlike callosal development during childhood and adolescence, which undergoes relatively greater growth of posterior than anterior regions (Giedd et al., 1999) , rate of callosal thinning in old age was similar in its three divisions. Although percent change in size was significant for both the callosal and ventricular measures, the annual rate of ventricular expansion (nearly 3%) was about three-fold greater than the annual rate of callosal thinning (∼-1%). The observation that the callosal and ventricular measures of size and shape exhibit different rates of change within the same individual over the same intervals comports with a theme in development of the human brain, namely, that its structures grow at different rates, a feature that contributes to variability in size of a given structure (Yakovlev and Lecours, 1967; Lange et al., 1997) . Despite commensurate rates of change in genu and splenium size, the striking lack of correlation between these regional rates of change suggests that independent factors underlie these changes. Supporting this possibility are studies of age-related changes that report dissociable regional and structural brain tissue shrinkage, for example, in sulcal and ventricular expansion (Blatter et al., 1995; Jernigan et al., 1991; Pfefferbaum et al., 1990 Pfefferbaum et al., , 1994 Pfefferbaum et al., , 1998 Raz et al., 1997) . Noted difference in heritability of selective brain structures is further indication of the relative independence of morphological change in certain brain structures . Quantitative analysis based on the full twin model report high heritability of regional and total callosal and ventricular size with less environmental inf luence on callosal size than on ventricular size (Pfefferbaum et al., 2000) . This pattern of genetic and environmental inf luences held for measures of callosal microstructure, detected with MR diffusion tensor imaging, as well as its overall size and macrostructure (Pfefferbaum et al., 2001) . Considerably less contribution from genetic sources was detected in different cortical regions , hippocampus and temporal horns (Sullivan et al., 2001a) , even within the same individuals. Taken together, these results support the relative independence of the susceptibility of these structures to inf luences from genes, the environment, and aging. Identification of genetic factors presenting significant contributions to variability in regional brain morphology may serve to explain heteroscedasticity in certain measures in old age [e.g. (Raz et al., 1997; Pfefferbaum et al., 2000) ].
The importance of considering the potential interactions and dissociations of contextual structural changes is evident from the morphological interaction of ventricular and callosal change in size and contour. Although genu and splenium area losses were not correlated, changes in both these callosal regions were related to increase in height but not length of the corpus callosum. By contrast, contemporaneous thinning of the body was related to increase in length but not height. Only changes in callosal height occurred in conjunction with expansion of the lateral ventricles. This observation is consistent with our earlier conclusions (Pfefferbaum et al., 2000) and also with relationships reported by Peterson et al. (Peterson et al., 2001) , who used an empirically driven approach to identify latent features of callosal morphology affected by aging studied cross-sectionally. Of eight factors that explained >90% of the observed variance, ventricular enlargement was related to all three factors involved in upward arching (i.e. height) of the corpus callosum. Further, in our genetic analysis (Pfefferbaum et al., 2000) , the strong phenotypic relationship detected between callosal height and ventricular size was explained by significant genetic as well as significant environmental inf luences common to these measures. Thus, while based only on correlational analysis, these converging results suggest a significant causal interaction between structural features of the corpus callosum and lateral ventricles that is mediated by aging. Age-related expansion of the lateral ventricles has been documented in previous longitudinal studies. The rate of ventricular dilatation observed in the present study, which sampled rather than volumed the entire ventricular space, is largely consistent with other studies in elderly groups. For example, the longitudinal study of Resnick et al. (Resnick et al., 2000) reported ∼3.8% per year increase in ventricular size in men and the crosssectional study of Coffey et al. (Coffey et al., 1992) suggested a 3.2% per year increase. Our previous longitudinal study conducted in healthy adults who were younger than the men in the present study revealed a 1.5% ventricular volume increase . Absence of evidence for asymmetrical aging, despite cross-sectional asymmetry (right > left), has also been noted previously (Resnick et al., 2000) . Cross-sectional studies of the midsagittal area of the corpus callosum report a range of age-related change from essentially none [reviewed above and including our own (Sullivan et al., 2001b) ] to modest correlations with age but without description of the actual rate of change (Janowsky et al., 1996; Hampel et al., 1998; . Figure 2 of Allen et al. (Allen et al., 1991) suggests 0.2% change per year. Image realignment undoubtedly enhanced our ability to detect ventricular asymmetry as well as relatively small callosal thinning. The meta-analysis of Driesen and Raz indicated modest and non-significant age-related changes in callosal area (Driesen and Raz, 1995) . Although the changes we observed in this longitudinal study were indeed small, the overall effect size of total callosal shrinkage, 0.59 ± CI 95% = 0.46-0.73, was greater than the effect size of the correlations between callosal area and age reported in the meta-analysis of 21 cross-sectional studies, 0.24 ± CI 95% = 0.12-0.36 or 0.33 ± CI 95% = 0.22-0.45 (depending on the estimation method). Thus, the upper bound of the CI (0.45) was below the lower bound of the CI 95% of the present study, suggesting underestimation of callosal shrinkage in cross-sectional study. It is clear, however, that none of these studies reported callosal changes of a magnitude matching or even approaching ventricular changes. Thus, despite partial measurement of the lateral ventricles, our sampling was validated against volumetric measurement and was shown adequate to provide a comparison brain measurement to callosal change. Further, the changes may be restricted to older age (i.e. >70 year) and are certainly smaller than the normal between-subject variance, which limits the power of crosssectional studies to detect such change.
The observed brain structure-function relationships provides support that regional shrinkage of the corpus callosum, although quite small even in the elderly, may have functional relevance by contributing to diminishing efficiency of interhemispheric transfer of information [cf. (Woodruff et al., 1997) ]. The relationship between thinning of the callosal body and reading speed is consistent with the known reliance of word reading on temporal cortical regions and white matter systems, including the arcuate fasiculus [cf. (Cabeza and Nyberg, 2000; Liotti et al., 2000) ]. Such relationships also lend credence to the geometric definitions of callosal subdivisions applied in this study [cf. (Peterson et al., 2001) ] and to the multiple component processes assessed by the Stroop Test [e.g. (Pujol et al., 2001) ].
In conclusion, these longitudinal data support the contention that differential rates of change occur in different brain regions in normal aging and that rate of change in one region may be independent of rate of change in other regions, even within a brain structure. Further, within the context of longitudinal callosal measurement, the lateral ventricles provide a critical measure of the local environment that can inf luence change in callosal size and contour. In addition, significant, albeit modest, regional callosal thinning in old age may contribute to agerelated performance declines on selective tests of speeded processing, especially those involving efficiency of information sharing across the hemispheres. Whether the same extent and pattern of callosal shrinkage observed in these elderly community dwelling men occur in younger adult men and in women remains to be examined.
